Currents through the inwardly, rectifying K channel were studied under whole-cell clamp of collagenase-treated single ventricular cells of guinea-pigs. The inwardly rectifying K channel was fully activated by hyperpolarizing the membrane from the equilibrium potential for K + (EK) by 30-40 mV. Following depolarization above EK, a decaying outward current was elicited. Prolongation of the hyperpolarizing prepulse increased the amplitude of the decaying outward current, with a time course similar to the increase of the inward current during the prepulse. Time-dependent changes in both outward and inward currents could be fitted with a single exponential function and were attributed to deactivation and activation of the inwardly rectifying K channel. The instantaneous current-voltage relation was almost linear, indicating that the conductance of the channel is ohmic and that the rectification of the steady-state current was due to the kinetic properties of the inwardly rectifying K channel. The activation kinetics of the channel was measured at different concentrations of K + in both the external and internal solutions. The time constant and the steady-state activation were not a function of the absolute membrane potential value, but were dependent on the driving force.
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the tip of the electrode was in the Tyrode's solution, the command D.C. potential was adjusted to make the current through the electrode zero, and this voltage was taken as the reference potential. The resistance of the electrode was measured from the amplitude of the current produced by 1 mV voltage pulse. After the electrode tip was attached to the cell surface, a negative pressure of 30-70 cm H2O was applied to interior of the electrode, and the "GSA seal" was usually established within 1 to 2 min. After changing the internal solution containing 1 mM CaCl2, to the other containing 5 mM EGTA, the membrane at the tip of the electrode was ruptured by applying further brief suction, and the repture was detected by a sudden increase of the capacitive current. The membrane potentiel was held and around the zerocurrent potential and voltage steps were applied every 6s, unless otherwise indicated. Current and voltage were recorded on the magnetic tape (TEAL, R-210), and they were analyzed using a computer (NEC, PC-98XA).
RESULTS
The inward/v rectifying K channel current Figure 1 shows a typical experiment to observe outward current through the inwardly rectifying K channel. The uppermost trace of the left column represents the voltage step and traces in A and B represent the current records in response to it, with 150 mM K + internal solution at 40 mM [K + ]o and 0 mM [K + ]o, respectively. The membrane potential was held at -30 mV, which is close to EK predicted from the transmembrane K+ concentrations (150 mM [K+] ;; and 40 mM [K+]o), -32 mV. In the presence of 40 mM [K +]o, the inwardly rectifying K channel was activated by a hyperpolarizing prepulse of 40 mV. A subsequent test pulse to a value 15 mV positive to the zero-current potential elicited a decaying outward current (Fig. 1A) . Since external Na+ was replaced with Tris+ and Ca current was blocked by Cd2+, neither Na nor Ca channels are responsible for this outward current. The decay of the outward current can be fitted with a single exponential function (Fig. 1D) , with a time constant ('c) of 4.09 ms. At 0 mM [K +]o, both the inward and outward current disappeared, leaving capacitive currents proportional to the value of voltage step (Fig. 1B) , suggesting that the decaying outward current flows through the inwardly rectifying K channel. Figure 1 C shows the difference current obtained by subtracting the current in Fig. 1 B from the one in Fig. 1A . The time constant of the decay measured from this difference current was identical to that obtained from the original record in Fig. 1 A (Fig. 1E) , suggesting that the separation of the ionic current from the capacitive current is satisfactory.
To show that the decaying current flows through the inwardly rectifying K channel, the outward current was elicited after the inwardly rectifying K channel was activated to different degrees by varying the duration of the preceding hyperpolarizing pulse (Fig. 2) . The amplitude of the outward current increased in parallel with the activation of the inward current and reached a steady level 20 ms after the onset of the hyperpolarizing pulse when the inward current attained a plateau level. The time course of the development of the outward current was fitted with a single exponential function having a time constant of 4.6 ms ( Fig. 2B) , which agreed well with the time constant of 4.4 ms in the current activation during the prepulse (Fig. 2C ). This result supports the view that the outward current flows through the inwardly rectifying K channel, which was activated during the preceding hyperpolarization. A possible alternative explanation for this decaying outward current is the contribution of the transient outward current, which is widely observed in other tissues (for review see CARMELIET and VEREECKE, 1979) . The transient outward the difference between the actual current and its steady-state value during depolarization plotted against time on a semi-logarithmic plot. The decay of the outward current can be fitted with a single exponential function having a time constant (t) of 4.09 ms both before (D) and after (E) subtraction of the capacitive currents.
current, however, is observed much less frequently in quinea-pig ventricular cells than in rat ventricular cells. It is inactivated at around -40 mV and recovers slowly. The revovery time constant from inactivation of the transient outward current measured in rabbit atrioventricular node cells was 3.58 s at the holding potential of -70 mV (NAKAYAMA and IRISAWA , 1985) . To exclude the possibility of the contribution of transient outward current, the recovery process of the outward current under investigation was examined (Fig. 3) . A pair of depolarizing pulses to + 6 mV was applied from the holding potential of -99 mV with various interpulse intervals. The current elicited with an interval of 30 ms showed an amplitude almost equal to that elicited by the first pulse. The decay of the transient outward current was fitted with two exponential components (NAKAYAMA and IRISAWA, 1985) . The Properties o f outward current through inwardly reeti f ring K channels at ditf erent external K+ concentrations The results presented so far strongly suggest that the outward current under investigation flows through the inwardly rectifying K channel. Based on these results, we measured the instantaneous current-voltage relation and activation kinetics to know the mechanism of the inward rectification. We also studied the effects of the external and internal K + on the conductance and activation kinetics. a) Current-voltage relationship. Outward current was elicited by depolarizing the membrane to various voltages after activating the inwardly rectifying K channel with a hyperpolarizing pulse. The amplitude of the instantaneous current was measured after subtraction of the capacitive currents by extrapolating the best fitted curve to the onset of the test pulse (Fig. 1 E) . Figure 4 shows the instantaneous and steady-state current-voltage curves at [K1(, of 0, 40, and 80 mM, and a fixed
[K+]; of 150 mM. By changing [K+]() from 40 to 20 mM (not shown in Fig. 4 ) and to 80 mM, the zero-current potential changed an average from -26.0 + 2.0 (n = 6) to -42 .3 + 2.5 mV (n=6) and to -10.0 + 2.6 mV (n=6), respectively. Such behavior of the zero-current potential as a K electrode shows that it can be considered equal to EK. While the steady state current-voltage curve showed inward rectification at the voltages positive to EK, almost linear instantaneous current-voltage curves were obtained in 15 out of 21 cells in the standard experiments. This finding suggests that the current-voltage relation of the inwardly rectifying K channel is linear and that the rectification of the steady-state current is due to time-dependent closure of the channel on depolarization. The slope conductance was increased by 1.32 ±0.09 times (n=5) when [K + ]0 was doubled. This result agrees well to the previous studies that the conductance was roughly proportional to the square root of [K +]~, (HAGIWARA and TAKAHASHI, 1974) .
h) Time constant (T). The time constant of the inward or outward current change was examined at [K +]~, of 20, 40, and 80 mM, and plotted against the voltage step (d V) from the zero-current potential (Fig. 5) . The time constant decreased exponentially as the voltage step was increased (e-fold decline for a 28.7 my hyperpolarization and for a 19.3 mV depolarization) and the time constant-voltage relation was bell-shaped with the peak (8-9 ms) at around EK. The relations between the average of time constant and voltage were almost superimposable (n =6, for each [K+]0), in the range below EK (HAGIWARA et al., 1976; LEECH and STANFIELD, 1981) and also above EK, if plotted the time constant against driving force.
c) The steady-state activation curve. The steady-state activation curve was measured by applying a test pulse of fixed amplitude following a prepulse of varying amplitude (Fig. 6) . The difference between the instantaneous current and the steadystate current during the test pulse reflects the difference between the degree of steady-state activation at the prepulse voltage (V,) and that at the test pulse voltage (V2). The time-dependent increase in the inward current of hyperpolarization is larger with the prepulse of d V = + 15 mV (filled circle) than with the prepulse of d V= -15 mV (open circle). It is evident that the inwardly rectifying K channel is deactivated more extensively during a conditioning pulse of d V = + 15 mV than of 
where v is the slope factor, and Vh.,lt indicates the voltage of half activation. As evident in Fig. 6B The effect o f the internal K concentration Previous studies showed that the gating kinetics and conductance of the inwardly rectifying K channel did not depend on driving force when EK was altered by changing [K+] ; (HAGIWARA and YosHII, 1979; HESTRIN, 1981; LEECH and STANFIELD, 1981) . When [K +]; was reduced from 150 to 75 mM and further to 50 mM in this study, however, different results were obtained. The time constants of the current change at a constant voltage in different [K+]; were plotted against d V (Fig. 8 ), which were superimposable over the potential range negative to EK. At the voltage positive to EK the deactivation time bacame slower in 75 mM [K+] ;.
The steady-state activation-voltage relations measured using [K+]; of 50, 75, and 150 mM, are plotted against 4 V (Fig. 9 ). The curves with 150 mM [K +]; and 75 mM [K+] ; were almost superimposable, and it shifted more positive direction with 50mM [K+];. We therefore concluded that the kinetics of the cardiac inwardly rectifying K channel is dependent on the driving force even when EK is shifted by changing [K}.
DISCUSSION
In a previous paper (MATSUDA et al., 1987) , we showed that the unitary conductance of the inwardly rectifying K channel is ohmic in the absence of intracellular Mgt + and that the channel closes on depolarization because of voltage-dependent gating kinetics. We also found that internal Mgt + blocks the outward current without affecting the inward current. We thus concluded that the inward rectification results from the gating kinetics of the inward rectifier K channel and the voltage-dependent block by internal Mgt + . Single channel recording enables precise analysis of the Mg block, but not investigation of the intrinsic gating kinetics, because the outward single channel currents, which can be seen only when the cell is opened to low Mg solution, become prolonged with time (MATSUDA, 1988) . This prolongation is attributed to the washing out of a soluble gating component. In the whole-cell clamp experiments, where the washing out of the intracellular material should be much more limited than in the open cell-attached configuration of single channel recordings, the time constant of relaxation of the outward current was relatively stable during the experiment. Limited efficiency of the internal perfusion, however, made it difficult to lower internal Mgt + enough to study the intrinsic gating kinetics (see below). Thus the activation kinetics of the channel described here may be more or less influenced by the remaining Mgt + and not completely "intrinsic." The activation kinetics of the cardiac inwardly rectifying K channel has been studied mainly on the inward currents, in the cell-attached configuration of single-channel current recordings (KURAcHI, 1985) and in the whole-cell clamp experiments (ToURNEUR et al., 1987) . Several findings support the idea that the outward current under investigation flows through the inwardly rectifying K channel. 1) The amplitude of the instantaneous current was on the line extrapolated from the measurement of the inward current at different [K+]() and [K+];. 2) The peak outward current developed in parallel with the increase of the inward current during the preceding hyperpolarization (Fig. 2). 3) The current was suppressed by omitting K + from the external solution, by applying Ba2+ in the external solution, or by TEA+ on either side of the membrane (not shown). These conditions are known to depress the inwardly rectifying K current. 4) The outward current could be elicited by voltage steps from a relatively low potential and at a high frequency (Fig. 3) , excluding the contribution of the transient outward current. 5) The time constants of decay during depolarization and those of activation during hyperpolarization were well explained by a common bell-shaped curve. 6) The single channel analysis disclosed an outward single-channel current through the inwardly rectifying K channel and the average current showed a time-dependent decrease similar to that obtained with the whole-cell current recording (MATSUDA et al., 1987) .
The decay of the outward current was fitted with a single exponential at voltages below EK = +30 mV. Above this voltage, it required two exponentials for fitting. The time constant of the fast component was less than l ms. We ascribe this to incomplete removal of the capacitive current and limit the voltage range for analysis to EK < +30 mV. The instantaneous current-voltage relations were linear in 15 out of 21 cells and the remaining cells showed inward rectification. In the present experiments, free Mgt + concentration of the pipette solution calculated using the apparent dissociation constants of EGTA was 15 pM. The actual intracellular Mgt + concentration is predicted to be higher than this value considering the physiological intracellular free Mgt + concentration ranging from 0.5 to 3.5 mM (HESS et al., 1982; GUPTA et al., 1984; BLATTER and MCGUIGAN, 1986) and limited efficiency of the internal perfusion. Recent single-channel current study has shown that the halfsaturation concentration of the Mgt + block was 1.7 pM at EK + 70 mV (MATSUDA, 1988) . Thus if we could have measured the instantaneous current-voltage curves at more positive potentials, most of them might have shown the inward rectification owing to the voltage-dependent Mgt + block. We cannot tell at the present whether the effects of internal Mgt + on the measurement of the steady-state activation curves and the time constants were small or not in the voltage range examined. In spite of the uncertainty about the influence of Mgt +, the present work gives the first quantitative analysis on the outward current through the inwardly rectifying K + channels. The time constant of the activation or deactivation of the channel decreased exponentially as the voltage step from EK was increased and the time constantvoltage relation was bell-shaped with the peak at around EK. The decrease in the time constant with larger depolarization was reported in the egg cell membrane (HAGIWARA et al., 1976) and the frog skeletal muscle (HESTRIN, 1981) . Other workers suggested that the time constant becomes larger at more positive potentials in the frog skeletal muscle (LEECH and STANFIELD, 1981) .
The present results showed that the gating of the channel depends on the driving force rather than the membrane potential alone. This notion holds in the potential range above EK, and in contrast with previous reports, when EK is altered with changing internal K + at a fixed external concentration.
No outward current flows in the absence of external K +, suggesting that there is a binding site accessible to external K + but not to internal K + and that the occupation of this site by K + is essential for the channel to open. Our finding may indicate the presence of an additional binding site to which both external K+ and internal K+ have access to affect the gating kinetics.
